Charge transfer is of particular importance in manipulating the interface physics in transition-metal oxide heterostructures. In this work, we have fabricated epitaxial bilayers composed of polar 3d LaMnO3 and nonpolar 5d SrIrO3. Systematic magnetic measurements reveal an unexpectedly large exchange bias effect in the bilayer, together with a dramatic enhancement of the coercivity of LaMnO3. Based on first-principles calculations and x-ray absorption spectroscopy measurements, such a strong interfacial magnetic coupling is found closely associated with the polar nature of LaMnO3 and the strong spin-orbit interaction in SrIrO3, which collectively drives an asymmetric interfacial charge transfer and leads to the emergence of an interfacial spin glass state.
Introduction
The synthesis of dissimilar complex oxide heterostructures is currently one of the hottest areas in the design of novel functional materials. Due to the strong interplay among charge, spin, orbital, and lattice degrees of freedom, the interface between different transition-metal oxides (TMOs) in artificially layered heterostructures exhibits many exotic physical properties that are absent in the constituent bulk materials. [1] [2] [3] [4] [5] Among many factors, the interfacial charge transfer has been identified as an effective knob to tune the interface physics, such as mediating the interfacial magnetic coupling in YBa2Cu3O7/La0.66Ca0.33MnO3 8, 9 and La0.75Sr0.25MnO3/LaNiO3 10 heterostructures.
Generally, the charge transfer can be driven by the work function differences between the contact TMOs 11 or even by their polarity discontinuity 1, [12] [13] [14] . The most prominent model of polarity discontinuity is the emergence of two-dimension electron gas at the interface of two band insulators: polar LaAlO3 and nonpolar SrTiO3 1, 12, 13 . Novel phenomena, such as the insulator-to-metal transition and magnetism emerged at the interface of such heterostructures have been reported. Therefore, by manipulating the polarity discontinuity at the interface, one can effectively modulate the interfacial physical properties of TMO heterostructures 15 .
Recently, the 5d iridium oxides, in which the large spin-orbit coupling (SOC) and on-site Coulomb interaction exhibit a comparable energy scale, have attracted considerable attention due to theoretical predictions of unconventional phases like superconductivity, topological Mott insulator, and Weyl semi-metals [16] [17] [18] [19] . But so far, only a few exotic phenomena arising from the strong interfacial coupling in perovskite SrIrO3-based heterostructures have been reported [20] [21] [22] [23] [24] . One typical example is the observation of ferromagnetic ground state and strong anomalous Hall effect at the interface between antiferromagnetic (AFM) SrMnO3 and paramagnetic (PM) SrIrO3 2 .
Despite the nonpolar interface and nearly identical work functions, an interfacial charge transfer giving rise to the observed phenomena can still occur due to the coupling of molecular d orbitals and strong SOC in SIO 25 . Up to now, the combined effect of polarity discontinuity and strong SOC on the interface physics of heterostructures has been rarely studied in the literature, which may thus offer challenges as well as opportunities in manipulating the interfacial properties in TMO heterostructures for a wide range of potential applications.
Here, we have investigated the charge transfer at the interface between nonpolar 5d SrIrO3 (SIO) and polar 3d LaMnO3 (LMO) epitaxially grown on (001) SrTiO3 singlecrystalline substrates. The stochiometric bulk LMO with electronic configuration is an A-type antiferromagnetic band insulator. In the form of epitaxial thin films, however, LMO often exhibits ferromagnetism (FM) with a Curie temperature (TC) of ~150 K. Although the origin of its ferromagnetism is still under debate, some possible mechanisms such as vacancies, epitaxial strain, and the charge transfer resulting from its polar nature have been raised to understand the emergent ferromagnetism [26] [27] [28] . Meanwhile, the SrIrO3 epitaxial layer with strong SOC is paramagnetic. Owing to the interplay between the polarity-induced charge transfer and the charge transfer driven by molecular orbital coupling (MOC) and SOC, a strong interfacial magnetic coupling appears in the heterostructure, which manifests itself in the dramatic enhancement of coercivity and the observation of the largest exchangebias effect observed so far in PM/FM systems 29, 30 . In addition, first-principles calculations have been performed to clarify the charge transfer at the interface between SrIrO3 and LaMnO3. The calculated results not only explain the experimental observation but are further verified by the x-ray absorption spectroscopy (XAS) measurements.
II．Experimental Details
The epitaxial bilayers composed of SIO and LMO were deposited on SrTiO3 (001)
substrates by pulsed-laser deposition (PLD) system. The energy fluence of the laser is approximately 1.2 J/cm 2 with a repetition rate of 2Hz. The depositions were performed in an oxygen pressure of 0.18 mbar and at a substrate temperature of 700℃. After growth, the samples were in situ annealed at 700 ℃ in a pressure of 0.6 bar pure O2 for 0.5 h and were then slowly cooled down to room temperature at a rate of 5 ℃/min to remove possible oxygen vacancies. The microstructures of these samples were investigated by X-ray diffraction (XRD) (Rigaku, Smartlab, Cu K radiation, 0.15406 nm) and transmission electron microscopy (TEM, Titan TM Themis G2 60-300).
Magnetic measurements were performed in a superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS3), with the field applied parallel to the film plane. Meanwhile, the thin bilayers were also grown under the same conditions in order to investigate the valence state of Mn cations near the interface by the x-ray absorption spectroscopy (XAS) measurements. First-principles calculation was performed to probe the charge transfer between SrIrO3 and LaMnO3 in the bilayers.
The first principles calculations were carried out within density functional theory as 
III．Results and Discussion
The XRD patterns around the (001) reflection for the LMO and SIO single layers, and SIO/LMO bilayer heterostructure in Fig As shown in Fig. 2 (b In order to investigate the origin of the unexpectedly large EB effect in our PM/FM bilayer, we have measured the magnetization as a function of temperature M(T) for the SIO/LMO bilayer as well as the LMO single layer in an in-plane magnetic field of 100
Oe, as shown in Fig 2 (c) . For the single layer, both the ZFC and FC M(T) curves coincide with each other and the magnetization decreases monotonically with increasing temperatures, with the FM to PM transition occurring around 150 K.
However, the bilayer sample exhibits two striking features: a bifurcation between the MZFC(T) and MFC(T) curves below an irreversibility temperature (Tirr) and a maximum of magnetization appearing around Tp in the MZFC(T) curve. These phenomena collectively suggest that some sorts of frozen states exist at the interface of our bilayer 35, 36 . It is also noted that both Tp and Tirr are reduced when the applied field is enhanced, indicating that the frozen state is suppressed by a strong magnetic field, as shown in Fig. 2 (d) . Furthermore, the field dependence of Tirr is found to follow the so- Fig. 2 (a) , consistent with previous studies where unexpected EB effects were also observed in LaNiO3-based heterostructures 10, 29, 30 . Also in these studies, the emergence of interfacial SG was ascribed to the interfacial charge transfer. The variation in the valence state due to the interfacial charge transfer would change the interfacial magnetic behavior. An interfacial SG state would thus be formed as a result of competing magnetic interactions with different strengths and signs among the interfacial Mn and Ni cations 10 . But in comparison with the LaNiO3-based heterostructures, the charge transfer in our bilayer would be more complicated, since we need to consider not only the polar nature of LMO, but also the strong SOC in SIO.
On one hand, based on the first-principles calculations and combined with the XAS characterization, it has been shown that owing to the spin-orbit coupling effect, a charge transfer can indeed take place in the SrMnO3-SrIrO3 interface 2, 25 despite their negligible work function difference and the charge non-polarity nature. As depicted in Fig. 3 (a) , under the Oh crystal filed of Mn-O6 octahedron and by coupling with the O 2p states, the Mn 3d states will split into lower-lying t2g manifold and higher-lying eg doublet. The resultant eg states of Mn are favorable to couple with the eg states of Ir, which are higher above the Fermi energy, giving rise to a lower-lying molecular orbital (with bonding character), and a higher-lying molecular orbital above the Fermi energy (with anti-bonding character). Due to the strong spin-orbit interaction in SIO, the t2g
states of Ir are further split into J=3/2 and J=1/2 states, with the latter higher in energy.
This offers a tendency for the electrons in the higher-lying J=1/2 states transferring into the lower-lying eg molecular orbitals, as shown in Fig. 3 (b) . In our case, however, the On the other hand, the interfacial charge transfer is to a large extent influenced by the polarity discontinuity in heterostructures composed of polar and nonpolar layers.
Since LMO is a polar material consisting of alternatively charged LaO +1 and MnO2 -1 planes, whereas SIO contains charge neutral SrO and IrO2 planes, a polar discontinuity appears at the interface of our (001) SIO/LMO heterostructures. Note that there could be two different interface configurations, i.e., the SrO/IrO2/LaO/MnO2 interface or the IrO2/SrO/MnO2/LaO interface, as depicted in Fig. 4 (a) and (b), respectively. In order to eliminate the polar discontinuity, the formally charged LaO layer will spontaneously donate more or less half of an electron to the adjacent IrO2 layer upon the formation of the SrO/IrO2/LaO/MnO2 geometry (see Fig. 4 (a) ). On the contrary, the SrO layer will donate more or less half of an electron to the neighboring MnO2 layer upon the formation of the IrO2/SrO/MnO2/LaO interface (see Fig. 4 (b) ). If there is no defect involved in the SrO layer, the resulting positive charge will be accommodated by the electronic reconstruction of Ir ions in the adjacent IrO2 layer, 15 i.e., a charge transfer from the IrO2 to SrO layer, as indicated in Fig. 4 (b) by the red arrow. In the first case, the polarity-driven long-range charge transfer will not change the charge population of the interfacial Mn, but it will certainly increase the charge population of the interfacial Ir, in another words, the orbital population of the J=1/2 states at the interface. Then, the charge transfer occurring from the J=1/2 states of Ir to the lower-lying eg states of Mn due to the d orbital coupling favored by SOC will reasonably increase the charge population of the interfacial Mn atoms, as shown in Fig. 4 (a) by the green arrow.
Therefore, the interfacial charge transfer from the J=1/2 states to the eg states will be In order to determine the real interface configuration in our SIO/LMO bilayers, we have performed XAS measurements on thin SIO/LMO bilayers which were grown under the same conditions. We have collected the Mn L-edge XAS spectra for the bilayers, with the single LMO layer as a reference, as shown in Fig. 5 , which can to a good characterization reflect the charge state variation of the overall Mn atoms (not the interfacial Mn only). The most striking finding here is the shift of the XAS peak position of the Mn L3 edge to higher energy in bilayer samples, indicating that the Mn oxidation state is enhanced with respect to the LMO single layer. Our XAS results convincingly confirm the overall long-range charge transfer occurs from the LMO to the interfacial SIO layer. But for the IrO2/SrO/MnO2/LaO configuration, the overall charge transfer is from the interfacial SIO layer to LMO layers (see Fig. 4 (b) ). Therefore, we can safely conclude that the dominant interface configuration in our bilayers is SrO/IrO2/LaO/MnO2, as depicted in Fig. 4 (a) .
To verify the above picture, we have also performed first-principles calculations based on the SrO/IrO2/LaO/MnO2 configuration. The calculated density of states (DOS)
are shown in Fig. 6 . As expected, the majority spin states of Mn are split in to the t2g and eg manifolds. The eg states consisting of dx2-y2 and dz2 orbitals have a strong coupling with the higher-lying eg states of Ir, especially for the dx2-y2 orbitals, which exhibit a broadening character. Besides this, the coupling between Mn and Ir t2g states also pushes the Ir t2g orbital shifting upward. Therefore, the Ir t2g states are higher in energy than the eg bonding states of Mn, giving rise to a pathway for the charge transfer between these two states (see Fig. 6 (a) & (b) ). Such a charge transfer can be further enhanced by SOC in the interfacial SIO layer. As shown in Fig. 6 (c) , the Ir t2g states are further split into the higher-lying J=1/2 states and lower-lying J=3/2 states. The rise of the J=1/2 states in energy will thus promote more electrons flowing from the Ir J=1/2
states to the Mn eg bonding states at SIO-LMO interface, whereby largely enhance the ferromagnetic exchange coupling between the two constitute parts.
Since the magnitude change of magnetic moments can to a good characterization reflect the charge transfer across the interface quantitively 25 , we have also calculated the magnetic moment of the Mn and Ir atoms at the interface optionally effected by the SOC effect. We can explicitly find that the magnetic moment of Mn is enhanced by ~3%
(from 3.8 µB to 3.91 µB) in the SrO/IrO2/LaO/MnO2 interface with respect to the bulk configuration. After inclusion of the SOC effect, this value is further increased to ~4%
(from 3.8 µB to 3.95 µB). On the contrary, the magnetic moment of Ir is reduced by ~8% (from 0.62 µB to 0.57 µB) with respect to the bulk configuration, and further decreased from 0.57 µB to 0.52 µB after considering the SOC. Accordingly, the calculated charge transfer to the interfacial Mn ions is about 0.11 e-per (1×1) unit cell, which is enhanced to about 0.15 e-per(1×1) unit cell as long as the SOC effect is taken into account, consistent with the above picture.
It should be noted here that the magnetic moment change of the interfacial Mn is not equal to that of Ir ions. This is due to the fact that while the charge transfer on the interfacial Mn ions is mainly driven by the MOC and SOC, the charge transfer on the interfacial Ir can be further affected by the interfacial polarity discontinuity, i.e, the interplay between the polarity-driven charge transfer and the charge transfer induced by MOC and SOC collectively determines the magnetic moments of the interfacial Ir 
